Photoacoustic computed tomography (PACT) is an emerging imaging modality. While many contrast agents have been developed for PACT, these typically cannot immediately be used in humans due to the lengthy regulatory process. We screened two hundred types of ingestible foodstuff samples for photoacoustic contrast with 1064 nm pulse laser excitation, and identified roasted barley as a promising candidate. Twenty brands of roasted barley were further screened to identify the one with the strongest contrast, presumably based on complex chemical modifications incurred during the roasting process. Individual roasted barley particles could be detected through 3.5 cm of chicken-breast tissue and through the whole hand of healthy human volunteers. With PACT, but not ultrasound imaging, a single grain of roasted barley was detected in a field of hundreds of non-roasted particles. Upon oral administration, roasted barley enabled imaging of the gut and peristalsis in mice. Prepared roasted barley tea could be detected through 2.5 cm chicken breast tissue. When barley tea was administered to humans, photoacoustic imaging visualized swallowing dynamics in healthy volunteers. Thus, roasted barley represents an edible foodstuff that should be considered for photoacoustic contrast imaging of swallowing and gut processes, with immediate potential for clinical translation.
As a hybrid imaging modality that combines acoustic detection with optical excitation, photoacoustic computed tomograph (PACT) has proven capable of multiscale imaging with endogenous or exogenous contrasts, making it a valuable imaging tool in biomedical research [1, 2] . The most commonly used endogenous contrast agent is hemoglobin, which provides anatomic [3, 4] , functional [5] and metabolic [6] information about blood vessels. Numerous exogenous agents for PACT have been demonstrated to enhance imaging contrast, including metallic nanoparticles [7e14], carbon nanotubes and graphene [15, 16] . Compared to endogenous contrast agents, exogenous contrast agents can be designed to improve photoacoustic detection sensitivity or to reveal functional and molecular information such as intestine motility [37] , glucose uptake [38] , or calcium activity [39] . Unfortunately, with the exception of dyes such as indocyanine green, which are already approved for human use by health regulatory agencies, the majority of these novel contrast agents will not be tested in humans until passing through a lengthy and expensive regulatory process. A readily available and safe exogenous contrast agent that is already consumable would be attractive for improving immediate clinical applications of contrast-enhanced PACT. One imaging application for a consumable PACT contrast agent is swallowing imaging. Swallowing is a complex movement which is completed through coordination of nerves and muscles in the tongue, palate, pharynx, larynx, and esophagus. Swallowing disorders in humans can result in serious health issues. So far, swallowing testing in human has been performed through magnetic resonance imaging (MRI) [40] , X ray [41] , and ultrasound imaging [42] . However, MRI is high in cost, X-ray is radiative and not suitable for long-term imaging, and ultrasound has difficulty in differentiating small amount of swallowed materials from tissues. PACT is low cost, non-radiative and sensitive to optical absorption contrast. With a consumable and absorptive contrast agent, PACT might be used as a new screening and/or diagnostic tool for swallowing disorders.
In this work, we examine foods as potential photoacoustic (PA) contrast agents. Roasted barley was identified through screening of already human-consumed, edible products and is demonstrated to be a viable contrast for PA imaging in animal and human subjects. This technique allowed swallowing processes to be characterized through PACT safely and non-invasively in humans for the first time. The wavelength we chose for imaging was 1064 nm, which is advantageous for deep tissue imaging for the following reasons: low optical scattering [43] , homogeneous contrast from background tissue [44] , high wall-plug laser output efficiency based on current laser technology, and high maximum permissible exposure value as defined by the American National Standards Institute (ANSI) [45] .
Materials and methods

Photoacoustic computed tomography (PACT) system configuration
All experiments were performed with our customized PACT system that utilizes an Nd:YAG laser (Continuum) as an excitation source, whose output is 1064 nm light with 10 Hz pulse repletion rate and 10 ns pulse duration (Fig. 1a) . As the imaged subjects varied in different experiments, selection of optical fiber bundles for light delivery and transducers for PA signal detection were carefully considered. Configurations of PACT system in all experiments are as follows: 1) PACT system equipped with L7-4 (ATL/ Philips, linear transducer array with 128-element and 5 MHz center frequency) and bifurcated fiber bundle (one circular input and two linear outputs) was used in experiments of preliminary sample pool screening, agar phantom scan and mouse intestines mapping (Fig. 1, Fig. S1a) ; 2) PACT system equipped with L7-4 and circular fiber (both input and output were circular) was used in depth imaging through chicken breast tissue and human hand, and dynamics intestine imaging; 3) PACT system equipped with ring fiber and three-quarter-ring transducer array (custom-made, 128-element, 5 MHz center frequency) was used solely in final sample pool screening (Fig. S1b) ; 4) PACT system equipped with C5-2 (Philips C5-2, 128-element, center frequency 3 MHz) and bifurcated fiber was used only in human swallowing imaging (Fig. 1b) . The coupling efficiency for all three aforementioned fibers is approximately 50%. The maximum light intensities at the object surface varied from 20 to 30 mJ/cm 2 in different experiments, but all are well below the ANSI safety limit (100 mJ/cm 2 ) at 1064 nm [45] . Signals detected by transducers were amplified and digitized by a 128-channel ultrasound data acquisition (DAQ) system (Vantage, Verasonics) with 20 MHz sampling rate and 54 dB gain (24 dB low noise amplifier þ 30 dB programmable gain amplifier). After each laser pulse, the raw channel data was reconstructed using the universal back-projection algorithm [46] and was displayed in realtime during experiments.
Preliminary sample pool screening
In order to identify the potential candidates for PA imaging, 200 types of ingestible foodstuff samples were scanned with our PACT system (Fig. S1a ). For scanning, we used a 96-well plate as a sample container. The plate is made of transparent plastic to ensure maximum light illumination to all samples. In each well, 50 mg of foodstuff was weighed and~360 mL of water was added to achieve a concentration of 139 mg/mL. The plate was then sealed with a transparent plastic tape. To ensure illumination for the sample, neighboring wells were kept empty. The 1064 nm light of the laser was routed to the imaging region through a bifurcated optical fiber bundle. The light intensity at the surface of the plate surface was around 30 mJ/cm [2] , which is below the ANSI safety limitation at 1064 nm. The plate was placed underneath a water tank with a bottom window, which was sealed with an optical and ultrasound transparent silicon film. Ultrasonic gel was applied as a coupling medium between plate surface and film. PA signal of the sample was acquired by a L7-4 transducer array, which was scanned with a 0.1 mm step size from the first to the final row of the plate. Because the width of the transducer array is 38 mm, only four columns of the well-plate can be imaged in one scan. Three scans were needed to image the whole plate.
Final sample pool screening
Final sample pool screening among 20 different roasted barleys was performed with our PACT system using a three-quarter ring transducer array (Fig. S1b) . For each barley, 6 mL solution with 50 mg/mL concentration was filled into a plastic bottle with a thin and transparent wall, permitting good light and ultrasound penetration. The sample was prepared with room temperature water and imaged immediately after preparation. Light delivery was provided by a 6-cm-diameter ring fiber illuminator (Light Source Flex Cable 12-Light Ring-Mount, Fiberoptic Specialties). Along the ring, twelve circular fiber outputs (0.3 cm in diameter) are evenly distributed and illuminated towards the center at a 60 angle (along the elevation direction). The light intensity at the bottle surface was around 30 mJ/cm [2] , which is also below the ANSI safety limit at 1064 nm. Before the experiment, we adjusted the height of the ring fiber to ensure that the imaged cross-section receives maximum light energy. During the experiment, the bottle was scanned over 3 cm distance with a 0.1 mm step size at a speed of 1 mm/s. PA signals were detected by the three-quarter ring transducer array. The radius of the ring array was 40 mm and each element formed an elevation focus at 35 mm. Thus, elevation resolution and receiving sensitivity are relatively uniform at the central 10 mm radius region [47e49]. For each image, we ensured that the bottle is located within the field of view of the transducer. Signals from the transducer array were transmitted to the Vantage system through custom-made cables and connectors. With a matched number of DAQ channels and transducer elements, we can acquire a cross-sectional image of the bottle after each laser pulse. Muntons roasted black barley (MTS) was selected for further experiments.
Depth imaging though milk and chicken breast tissue
Two phantom experiments were performed with our linear transducer PACT system. For both experiments, the 1064 nm light was coupled to the circular fiber bundle (#39-371, Edmund Optics) and illuminate on the object surface. Light intensity over the 1.3-cm-diameter illuminated region was around 25 mJ/cm [2] . PA signals were detected by the L7-4 transducer.
First, roasted (MTS) barley was imaged through milk. The phantom is made of agar gel with hundreds of pearl and one roasted barley embedded. During the experiment, the phantom was immersed in a milk-filled tank and imaged in the same procedure as the preliminary sample pool screening experiment. The second phantom experiment is depth imaging through chicken breast tissue, whose optical properties are comparable to that of human breast [50] . The experimental procedure is similar to previous studies 49, 51 : A layer of roasted barley was placed on a piece of chicken tissue (5 cm in thickness), then we gradually stacked chicken breast tissues on top of barley until we could not detect any PA signals from barley. We also put a TYGON tube (4 mm inner diameter) filled with water and three roasted barley grains inside the chicken tissue, and then tracked the flow of barley granule.
Human thenar space imaging
Experiments were performed in compliance with the IRB protocol approved by the University at Buffalo. The transducer array used in the experiment was L7-4. One roasted (MTS) barley and one pearl barley grain were placed on top of a piece of intralipid and agar gel mixed phantom (3 cm in thickness), and the human thenar was put on top of two granules. Ultrasound gel was used in the experiment as a coupling medium. The gel was placed both under (coupling barley and hand) and on top of the hand (coupling hand and transducer). The 1064 nm laser output was routed to hand through the circular fiber bundle. The maximum light intensity at the skin surface was around 25 mJ/cm [2] .
Mouse intestine imaging
All animal experiments were performed in compliance with the animal protocol approved by Institutional Animal Care and Use Committee at University at Buffalo. Before imaging, female ICR mice (18e22 g) were fasted overnight with water access, and then were provided with 5 g of roasted MTS barley or pearl barley for eating. Three hours later, we measured the remaining barleys to be 2.8e3.4 g, indicating that 1.6e2.2 g have been consumed by mice. After the hair of mice was shaved, their intestines were imaged photoacoustically using the L7-4 array (Fig. 1a) . The light intensity at the skin surface of mice was controlled be to 20 mJ/cm 2 . The scanning distance over the intestine region is 4 cm in the elevation direction. For dynamic intestine imaging, the transducer was parallel to the coronal plane of mice with their intestines in the imaging plane of the transducer. Light beam was delivered with the circular fiber bundle from top of intestines.
Human swallowing imaging
MTS barley (50 mg/mL) was boiled in water for 10 min, and the solution was put in room temperature (23 C) to cool. We first imaged 50 mL of the liquid part of boiled barley tea (filled in a tube with 4 mm diameter) through 2.5 cm chicken breast tissue with the PACT configuration 2. The liquid part of the solution was separated from the solid part for experiment. Another tube filled with the same volume of PBS was also imaged for comparison. Then we performed human swallowing study. Human swallowing imaging was performed in compliance with the protocol approved by the University at Buffalo IRB committee. To achieve a large imaging field of view, we used a curved-transducer array (C5-2). A volume (10 mL) of the liquid part of barley tea was offered to subjects in a cup. After making sure that subject was comfortably arranged, he/ she was instructed to hold the solution in the oral cavity for a few seconds and swallow after a command from the system operator. The transducer was positioned towards the pharynx/esophagus through the carotid vessel, which was a fluid-filled structure with minimal ultrasound attenuation. During the experiment, we slightly adjusted the transducer to obtain a longitudinal view of the pharynx/esophagus and to reveal the bolus of barley solution during swallowing. Light delivery was provided through the circular optical fiber bundle and the light intensity on the skin surface was approximately 30 mJ/cm [2] , which takes only~30% of the ANSI limit at 1064 nm (Fig. 1b) .
Results and discussion
Screening foods for photoacoustic contrast
Because there are different types of food available, the major challenge for food contrast imaging is to identify candidates that produce strong PA signal at 1064 nm. For this task, we classified drinkable or edible foodstuffs into seven categories: tea, seed, coffee, chocolate, juice, vegetable and seasoning. With this classification as a guideline, 200 samples covering all those categories were purchased in their dry forms, such as garlic powder, roasted barley, and dry seed, and scanned with our linear-array-based PACT system (Fig. S1a) . Fig. 2 shows the images for preliminary sample pool scanning experiment. Fig. 2a is the photograph of one representative plate containing 42 food samples and a control sample. Food samples were placed in the first six rows, while a control sample [solution (2.8 Â 10
À4 mg/mL) of a near infrared (NIR) dye that is similar to a recently reported one 51 ] with the absorbance of 0.5 (based on 1 cm path length) at 1064 nm was used for normalization. In total, five plates were used to cover all samples (samples can be seen in Table S1 ). Representative maximum amplitude projections (MAP) image of one plate is shown in Fig. 2b . Wells containing samples with high absorbance at 1064 nm could be visualized with inhomogeneous areas of intense brightness, while wells filled with weak absorptive samples were only partially or barely observed. To quantify PA signals of all samples, we first averaged the signals within the well-plate area of each sample (both food samples and control). Then, we normalized the averaged signals of food with that of control in the same scan. The relative PA amplitudes of control and all samples are shown in Fig. 2c . Most samples produced lower PA amplitude than the NIR dye control sample, and only a small portion of samples exhibit higher signals. The top sample was BRB (Briess roasted barley), whose signal was 4.2 times compared to that of the 1064 nm reference dye and 13% higher than that of the second sample (2RCM: 2-row malt roasted barley). Both these "hits" were types of roasted barley. This experiment indicates that roasted barley could be a promising photoacoustic contrast agent. Photographs of the top two samples are shown in Fig. 2d , all of which appear dark, from their roasting process.
Roasted barley screening
In preliminary sample pool screening, roasted barley showed the strongest PA signal at 1064 nm. Then, we refined our study to only roasted barley, and imaged 20 different types of commercial roasted barley granules or powder solutions with our three-quarter ring transducer based PACT system (Fig. S1b) [48, 49] . As the coverage angle of three-quarter ring transducer is 270 , this system could reveal barley grains distributed in any directions. The control sample used was the same as the preliminary sample screening. Each barley or control solution was filled in a soft and transparent plastic bottle with a thin (0.15 mm) wall, which allows good light illumination and ultrasound signal transmission. Fig. 3a shows two bottles filled with MTS (Muntons roasted black barley, unmalted) barley with or without grains. Different cross-sections of the bottle were imaged by scanning it horizontally. The MAP of all crosssections reveals granules located at different depths (Fig. 3b) . In contrast, minimal signals were observed in MAP image of the bottle without any grains. This demonstrates that barley granule is the main contributor to PA signals. Because of light attenuation, granules located close to the bottle surface exhibit stronger PA signals than those in the center region. For a fair comparison, we quantified the average PA amplitude within a 3-mm donut-shaped region (green circles in Fig. 3b ) and normalized that with the control sample. The PA amplitude rankings for all samples are shown in Fig. 3c . For simplicity, we list the abbreviated name for each sample. Full names of samples can be found in Table S2 . It can be seen in Fig. 3c that only the MTS solution with grains gives the highest normalized PA amplitude (5.3), which is more than 5 times to that of control and 29% higher than that of the top one sample in Fig. 2c . Thus, MTS barley exhibits the highest PA signal among all the food samples. Therefore, we used MTS barley for all subsequent experiments. Photographs of the top three samples in this experiment can be found in Fig. 3c inset (i-iii) . As can be seen in the photographs, different roasted barley brands have different physical parameters including the average grain size. Roasting time and processing steps such as grinding could likely induce changes in how the roasted barley tea behaves in tea formation and PACT imaging. In this study, we simply used the roasted barley as is without any modification, although exploration of barley size warrants investigation. Additionally, it may be of interest to also consider the development of nanoscale formulations of roasted barley. A recent report showed that nanoparticles can be formed from roasted bamboo, following a grinding and sonication process for drug loading and photothermal therapy [52] . Fig. 3c(iv) shows the absorbance of the liquid phase of prepared MTS in the NIR region (700e1100 nm). Within this wavelength range, the ANSI limit increases from 700 nm to 1050 nm and then stays constant until 1100 nm. Because PA amplitude is proportional to the product of absorbance and light intensity, the green curve in Fig. 3c(iv) represents the expected PA amplitude acquired under maximum permissible illumination. It can be seen that 1064 nm is close to the peak wavelength in the curve. 
Depth imaging in phantom
To assess the detection depth of using roasted (MTS) barley and PACT, we performed two phantom experiments: imaging of roasted barley through milk and chicken breast tissue. For the first experiment, milk was utilized as an imaging/coupling medium because it mimics scattering of biological tissue [53] and 3D scanning can be easily performed in milk. For the second experiment, we only performed 2D imaging and used chicken breast tissue to mimic both scattering and absorption of human tissue. Fig. 4a shows the phantom used in depth imaging through milk. Barley grains were clearly shown before the phantom was immersed in milk, whereas they cannot be seen after that. The distance from the transducer and optical fiber bundle to the phantom is around 3 cm. With linear scanning of the L7-4 transducer array, we acquired both ultrasound (US) and PA images of the phantom. The MAP of US image shows all the barley granules because they all reflect US signals. However, in the MAP of PA image, only the roasted barley granule stands out among all the barleys (Fig. 4b) . This experiment proved that roasted barley can be easily recognized in PA, but not in US imaging among a group of granules. This underscores the capacity of roasted barley and photoacoustic imaging to be used to specifically detect the contrast in a biological environment. This data also shows that the roasting process specifically confers photoacoustic contrast to barley grains.
Roast (MTS) barley was compared to pearl barley in Fouriertransform infrared spectroscopy (FTIR) analysis (Fig. 4c) . The roasted barley had distinct absorption around 2100 cm
À1
, which represents an alkenyl C]C stretch. The more intense absorption around 1000-1500 cm À1 demonstrates chemical changes occur during the roasting process, and could correspond to modified or polymerized and aromatic groups. Further insight into the chemical nature of roasted barley was not elucidated in this study. Graphene oxide, which has photoacoustic properties was recently identified as a component in roast chicken [54] . Photoacoustic spectroscopy has been used for characterization of roasted coffee beans [55, 56] . It is likely that numerous roasted foods could be potential candidates for photoacoustic contrast imaging. An advantage of roasted barley is that it is an inexpensive and commonly available roast foodstuff that is free of nervous system stimulant activity (i.e. like coffee or tea). Then, we imaged roasted (MTS) barley through chicken breast tissue. To quantify the imaging depth, we gradually stacked chicken breast tissues on top of roasted barley and monitored the PA signal in real time. As the tissue thickness increased, roasted barley's PA signal decreased gradually and was eventually buried in background noise (without averaging) when the depth reached approximately 3.5 cm (measured with a ruler). We then stopped stacking chicken breast tissue, and considered this distance as the deepest detection depth. One hundred frames were acquired at this depth, and all the data were averaged to improve the signal to noise ratio (SNR). The PA overlaid US image is shown in Fig. 4d , in which the several roasted barley granules are visible. Distance from the tube to transducer surface was calculated to be 3.5 cm. Considering 50% energy loss through fiber coupling, the imaging depth could be even higher if we use fused silica optical fiber bundles [up to 80% coupling efficiency and the light intensity on the chicken surface would be 40 mJ/cm 2 ] or free-space light illumination (50 mJ/cm 2 ). After one hundred times averaging, the SNR at different imaging depths was quantified using the following formula: SNR ¼ Fig. 4e . As expected, the value decreases as the depth increases. When a tube with three barley granules was placed 2.5 cm beneath the chicken tissue, we used a syringe to push the barley granule to move at a speed of 5 mm/s. Interestingly, we were able to track the movement of the three roasted barley granules (Fig. 4f) . Those results reveal the feasibility of roasted barley for dynamic imaging in deep tissue.
Human thenar space imaging
To demonstrate the translational potential of PACT using roasted barley as a contrast agent for deep tissue imaging, we tried to image roasted (MTS) barley through a human hand. To avoid acoustic distortion from hand bones, we imaged through the thenar region. One pearl barley (low absorbance) and one roasted barley were placed beneath the thenar of a healthy adult human (Fig. 4g) . With our Verasonics system, we collected both US and PA data. When the thenar was first imaged without any barley underneath, no clear PA signal was observed even after 100 times averaging. When pearl and roasted barley were placed under the thenar portion of the hand, roasted barley could be clearly seen with PACT through 2.5 cm of thenar (Fig. 4h) . However, pearl barley was not seen. In this experiment, the energy applied to the skin surface is only 30 mJ/cm [2] , a fraction of the ANSI safety limit.
Dynamic imaging of animal intestine
Roasted barley was then assessed as an intestinal imaging contrast agent for PACT in vivo in mice. Before imaging, three mice were fed with pearl barley while another three were fed with roasted (MTS) barley. Using our linear array based PACT system, we mapped the intestines of all mice. The laser intensity was controlled to be 30 mJ/cm 2 on the skin surface of mice (a fraction of ANSI limit). Minimal PA signals were observed in the mice fed with pearl barley. In contrast, intestines of the mice fed with roasted barley are clearly seen (Fig. 5a ). Depth encoded PA image reveals intestine depth of up to 5 mm. Then, we tracked the intestinal dynamic motion of these mice, at a rate of 10 frames per second, which is much faster than the 0.5 Hz intestine peristalsis rate. To mitigate motion artifacts caused by respiration, we computed the covariance matrix of all image frames, identified ones with the largest body displacement (based on amplitudes of the eigenvector [57] ), and replaced those frames with neighboring averages. Representative frames are shown in Fig. 5b (Movie S1), in which the transition of roasted barley within the white box can be clearly identified. The peristaltic rate was calculated based on the average signal amplitude within the white box (Fig. 5c) . Fifteen peaks could be identified within 30 s, indicating a peristaltic rate of 30 per minute, which is the expected rate in mice under anesthesia. For better illustration, the peristaltic rate was calculated over time ( Fig. 5d ) and the result agrees with Fig. 5c . We also imaged feces of the mice fed with roasted and pearl barleys. The PA amplitude for feces of mice fed with roasted barley was up to 6 times stronger compared to that of the mice fed with pearl barley (Fig. 5e) . All these results demonstrate that roasted barley is an effective contrast agent for imaging of intestine motility. Supplementary video related to this article can be found at https://doi.org/10.1016/j.biomaterials.2018.05.016. 
Swallowing imaging
Next, we used the liquid part of boiled barley tea as a contrast agent for real-time PA swallowing imaging. Swallowing is a complex sensorimotor process involving a coordinated neural interplay at cortical level [58] . Damage to this system can lead to swallowing problems (dysphagia). It is usually observed through techniques such as Video Fluoroscopic Swallowing Exam (VFSE) [59] and ultrasound [42, 60, 61] . However, those methods either contain ionization radiation (VFSE) or have low contrast in differentiating food residues from tissue (ultrasound). In this study, we report the first PACT evaluation of the swallowing process, using liquid part of boiled barley tea. Before the human study, we successfully detected 50 mL of the liquid part of boiled barley tea through 2.5 cm chicken breast tissue (Fig. 6a) . This result demonstrated that boiled barley tea has potential for PACT of dysphagia which is related to liquid spill in trachea during swallowing. As a proof of concept, we imaged a healthy subject, using a C5-2 curved transducer array, which has a larger field of view than that of the linear array (L7-4). For better visualization, we also acquired US data to show the anatomical structure. Before swallowing, the participant held roasted barley solution in the oral cavity (oral preparatory stage) [62] . After receiving a command from the operator, the participant started swallowing. Sequentially, the second stage (oral propulsive stage) of swallowing happens. At this stage, the bolus was in oral cavity while transducer was detecting pharynx and esophagus regions, thus, no PA signal was shown in Fig. 6b (0.0 s) . In the third (pharynx) and fourth (esophagus) stages of swallowing, the bolus passed through the pharynx and upper esophagus sequentially, and was clearly shown in Fig. 6b (0.7s, 0.8s) , respectively. Thus, our method of using foodstuffs as a contrast agent enabled the first real-time PA swallowing imaging, indicating its potential for clinical applications.
Supplementary video related to this article can be found at https://doi.org/10.1016/j.biomaterials.2018.05.016.
Conclusions
We report the use of roasted barley as a safe and comestible PA contrast agent. Roasted (MTS) barley enables up to 3.5 cm imaging depth through chicken breast tissue and human thenar. It provides high recognizable PA signals among hundreds of non-roasted barley grains through a scattering medium. Roasted barley also showed promising PA results in animal and human studies. After feeding roasted barley to mice, we could noninvasively map intestines, and track the peristaltic rate. While tracking dynamic changes of mice intestines through PACT has been demonstrated several times in other studies [37, 51] , they utilized synthesized contrast agents whose availability is still limited and the timeline for clinical translation is unclear. In contrast, roasted barley is widely available in the market and could achieve the same tracking effect as synthetic contrast agents. Roasted barley also enabled the first PA imaging of the human swallowing process by showing the bolus with limited background noise. This spares the subject from ionizing radiation associated with swallowing imaging modality (VFSE). Due to the low pulse repetition rate of our laser, our frame rate for swallowing imaging is only 10 Hz, which is lower than the typical imaging frame rate (25 Hz) of VFSE. This issue can be addressed by using higher repetition rate lasers (50 Hz high-power pulsed lasers are commercially available). Currently, because we utilized only one transducer array, only the vertical section of the neck can be imaged during swallowing. To extend the field of view, we can employ multiple transducer arrays or design a cylindrical transducer array for swallowing assessment. Besides human swallowing imaging, roasted barley may potentially be used for clinical imaging to diagnose GI motility disorders such as esophageal achalasia, esophageal spasm, and esophageal reflux, as well as gastric motility disorders. Taken together, research of using roasted barley or other foods as contrast agents should open new avenues for PACT biomedical applications.
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